The inclusion of glycerol in formulations for pulmonary drug delivery may affect the bioavailability of inhaled steroids by retarding their transport across the lung epithelium. The aim of this study was to evaluate whether the molecular interactions of glycerol with model pulmonary interfaces provide a biophysical basis for glycerol modifying inhaled drug transport. Dipalmitoylphosphatidylcholine (DPPC) monolayers and liposomes were used as model pulmonary interfaces, in order to examine the effects of bulk glycerol (0 -30% w/w) on their structures and dynamics using complementary biophysical measurements and molecular dynamics (MD) simulations.
INTRODUCTION
Glycerol (also known as Glycerin) is a small molecule which has a number of functions, such as plasticiser 1 , humectant 2 , and sweetener 3 . It is also included as a non-volatile excipient in some solution pressurised metered dose inhaler formulations to bulk drug particles, and tune the aerodynamic particle size distribution of emitted aerosols 4 . Respirable drug particles which contain both beclomethasone dipropionate (BDP) and glycerol show striking differences from solely BDP particles in terms of their biopharmaceutical properties; dissolution and drug transport.
It has been shown that aerosol particles containing up to 50% w/w of glycerol dissolve more slowly and retard delivery of BDP across cultured pulmonary epithelial cell layers compared to glycerolfree formulations [5] [6] [7] .
Pulmonary drug absorption is influenced by three vital interactions between an inhaled drug particle and the lungs; deposition, dissolution and permeability 8, 9 . Lung penetration and deposition are highly dependent on the aerodynamic particle size of inhaled aerosols 7 . Upon deposition, drug particles encounter an air-interfaced DPPC-rich monolayer overlaying the mucosal surface of the airways or alveolar region 8, 9 . Dissolution of poorly soluble drugs provides the rate-limiting step in the absorption of poorly soluble drugs from the lungs 9, 10 . While the potential for excipients to modify drug dissolution is well known, this manuscript reports a mechanistic investigation into the proposition that glycerol may influence drug permeability by preferentially interacting with the lung surfactant layer and epithelial cell membranes. If a single emitted aerosol dose containing 250 µg glycerol deposited uniformly in the smaller airways of the lungs and dissolved in 20 mL lung lining fluid, a glycerol concentration 0.3% w/w would be generated (calculated according to the approach of Martinelli et al 11 ); however hotspots of particle deposition and local concentration gradients around dissolving particles mean that a dynamic range of much higher glycerol 4 concentrations will be generated in practice, which is represented experimentally by 0 -30% glycerol in our studies.
It is recognised that some pharmaceutical excipients that are commonly used in medicines and categorised as generally-regarded-as-safe by medicines regulatory agencies may exert unanticipated effects on drug permeability [12] [13] [14] . A number of permeation-enhancing mechanisms have been postulated including direct or indirect interference with membrane integrity, and interactions with enzymes or transporters, e.g. interactions of polyethylene glycol 400 with in vitro drug absorption models 12 . While the effects of excipients on drug permeability have been demonstrated functionally in vitro and enhancement of bioavailability has been demonstrated in humans, the biophysical or mechanistic explanations for these effects of excipients on biological barriers are vague and poorly defined. In contrast to agents that enhance permeability through increasing membrane fluidity 14 , glycerol appears to stiffen membranes via molecular interactions that have not been fully resolved 15 .
Dipalmitoylphosphatidylcholine (DPPC), as a major constituent of the lung pulmonary surfactant, can be used to model pulmonary interfaces for investigation of the effect of glycerol on lung surfactant and, when in the fluid phase, epithelial cell membranes. DPPC constitutes at least 40% of the lung's air-interfaced surfactant monolayer 16, 17 , and DPPC liposomes or monolayers are commonly used as a simple model of the epithelial cell plasma membrane [18] [19] [20] . The molecular interaction of glycerol (0 -30% w/w) with DPPC and its effects on monolayer and bilayer structure were measured using a combination of Fourier transform infrared spectroscopy (FTIR), Langmuir pressure-area isotherms, small angle neutron scattering (SANS) and fluorescence-based membrane transition temperature determination. The putative stiffening effect of glycerol on DPPC is likely to be characterised by a stabilisation of the gel phase and therefore in order to investigate this hypothesis, and to allow direct comparisons between this study and previously published work 15,21 , we have concentrated on examining DPPC/glycerol interactions on gel phase lipids in the absence of salts. To complement the experimental studies, molecular dynamics (MD) simulations were used to investigate: (i) physical interactions between DPPC and glycerol, (ii) preferential localisation of glycerol in DPPC layers, and (iii) how glycerol affects the packing and conformation of DPPC molecules and bilayer dimensions, both in the gel and fluid phases in physiological saline to represent the effects of glycerol interactions with membrane lipids.
We postulate that the retardation of the absorptive transport of BDP by glycerol observed in vitro 5, 7 may result in part from an excipient-induced reduction in membrane fluidity. Accordingly, the aim of this study was determined how glycerol interacts structurally and sterically with model pulmonary interfaces using the combination of biophysical experimental and simulation approaches described above.
EXPERIMENTAL SECTION
Materials. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (dipalmitoylphosphatidylcholine; DPPC, purity > 99%) and 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine (d62DPPC, purity > 99%) were purchased from Avanti Polar Lipids (Alabaster, AL, USA) and used without further purification, 6-dodecanoyl-N,N-dimethyl-2-naphthylamine (Laurdan) was obtained from Molecular Probes (Eugene, OR, USA), chloroform from Fisher Scientific (UK), and glycerol (purity > 99%) from Sigma-Aldrich (London, UK). Ultrapure water with 18.2 MΩ·cm residual specific resistance was obtained using an Elgastat Maxima purifier (Elga, UK). All other reagents were obtained from standard sources.
Methods. Preparation of DPPC liposomes. Liposomes were formed using the thin film resolvation technique by first dissolving 10 mg of DPPC in chloroform, which was removed by evaporation at room temperature in a vacuum desiccator overnight to obtain thin dry lipid films deposited on the inside walls of glass vials. The dried lipid films were resolvated in ultrapure water and various concentrations of glycerol solution (1.0 -30.0% w/w) to achieve a final DPPC dispersion concentration of 4 mg/mL. The liposomes were ultrasonicated using a Soniprep 150 ultrasonic probe disintegrator (MSE, UK) at an amplitude of 10 microns for 5 minutes (to minimise the effect of metal particles shed from the tip), and were allowed to anneal at room temperature prior to further use.
Fourier transform infrared spectroscopy. To scan the interferogram, solvent without DPPC (either ultrapure water or 1.0 -30.0% w/w glycerol solutions) and liposome dispersion droplets were separately placed using a micropipette, on an attenuated total reflection (ATR) crystal surface attached at an ATR accessory sample compartment (Specac, Kent, UK) as background and sample, respectively. Infrared spectra were obtained using a Spectrum One FTIR spectrometer (PerkinElmer, USA), operated with Spectrum software (version 5.3.1) under ambient conditions at 23°C.
Interferograms were collected for a wavenumber range from 4000 to 600 cm -1 and averaged for 128 scans at 4 cm -1 resolution. Data processing consisted of baseline smoothing using the automatic smooth processing function in the Spectrum software.
At a region from 3000 to 2800 cm -1 , the frequencies of the CH2 symmetric stretch were estimated to the nearest 0.1 cm -1 at 80% of peak height. The frequencies of the carbonyl group (C=O) stretching were obtained from the major peak absorbance of a region from 1800 to 1600 cm -1 . Lastly, the frequencies of the phosphate (PO2 -) and the choline (N(CH3)3 + ) asymmetric stretches were measured to the nearest 0.1 cm -1 from the peak absorbance of these bands, within 7 the 1240 to 1220 cm -1 and approximately 970 cm -1 region, respectively 22, 23 . Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the human conducting airways 24 . In addition, the surface compressional modulus (K s ), which gives a measure of the elasticity of the monolayer, was calculated for the condensed phase of the isotherms using:
where A is the area per molecule and dπ/dA is the slope of the isotherm 25 .
Fluorimetric measurement. Liposomes were prepared as described above, with a small amount of the fluorescent probe Laurdan added into the DPPC-chloroform solution to give a total lipid/Laurdan molar ratio between 300:1 and 400:1 prior to solvent evaporation and resolvation in water or glycerol solution. In order to limit photo bleaching of the Laurdan the sample vials were protected from light with aluminium foil during liposome preparation 26 .
Steady-state Laurdan fluorescence emission was measured using a Varian Cary Eclipse spectrofluorimeter (Agilent, USA) using a 104F-QS semi-micro dual light path (10 × 4 mm) fluorescence cell (Hellma Analytics, Germany). Fluorescence spectra were recorded over a temperature range from 25°C to 65°C increasing in 5°C increments. The temperature of the sample compartment was adjusted using a water-circulating thermostat-controlled Varian Cary SingleCell Peltier Accessory (Agilent, USA). The temperature inside the cuvette was directly measured with a K-thermocouple thermometer HI 935005 (Hanna, USA). Emission intensities of all samples were acquired with an excitation wavelength of 340 nm, adjusted for optimal spectral intensity with an excitation slit width of 10 nm and an emission slit width of 5 nm, and scanned from 360 nm to 560 nm. Afterwards, the generalised polarisation (GP) was calculated using the fluorescence intensities at the maximum emission wavelengths of Laurdan exhibited when mixed with lipids in 
The generalised polarisation as determined using equation (2) was plotted against temperature and the resultant sigmoidal curve was fitted to a 4-parameter logistic model using SigmaPlot version 13.0. After fitting the GP curve, the main phase transition temperature for each sample was obtained from the inflection point of the fitted sigmoidal curves 29 .
Small angle neutron scattering. The SANS measurements were carried out on the LoQ smallangle diffractometer at the ISIS pulsed neutron source (STFC Rutherford Appleton Laboratory Oxon, U.K.) 30, 31 . LoQ is a fixed-geometry "white beam" time-of-flight instrument which utilises neutrons with wavelengths in the range of 2.2 -10 Å. Data are recorded on a positive sensitive neutron detector to provide a simultaneous Q-range of 0.008 -0.3 Å -1 . Each raw scattering data set was corrected for the detector efficiency; sample transmission and background scattering (water or glycerol solution) and converted to scattering cross-section data using the instrumentspecific software 32 . These data were placed on an absolute scale (cm -1 ) using the scattering from a standard sample (a solid hydrogenous and perdeuterated polystyrene) in accordance with established procedures 33 .
Liposomes were prepared as described above, using chain-deuterated d62DPPC. The dried lipid films were resolvated using ultrapure to form two samples, one in water (0%) and one in a 30%
w/w glycerol solution each containing a final d62DPPC concentration of 2 mg/mL. The samples were placed in cleaned quartz cells of 1 mm path length, and the scattering pattern was recorded at 25°C for approximately 4.5 hours each. The data were analysed by fitting the experimental Molecular dynamics simulation. DPPC monolayers and bilayers containing ~150,000 and 400,000 atoms, respectively, were constructed via the CHARMM-GUI membrane builder 36 . These and 600 DPPC lipids for 30%). All simulations were carried out using GROMACS (www.gromacs.org) version 5.0.7 37 using the CHARMM36 force field 38 . Each system was simulated at temperatures of 310, 314, 316 and 323, and treated with a Nose-Hoover thermostat 39 coupled to a constant τT = 0.1 ps.
Monolayer simulations were carried out via the NVT (constant Number of atoms, Volume and Temperature) ensemble, and bilayers via the NPT (constant Number of atoms, Pressure and Temperature) ensemble using a Parrinello-Rahman barostat 40 at τp = 1 ps. Equilibrium simulations were simulated with long-range electrostatic interactions treated using the Particle Mesh Ewald method 41 with a short-range cutoff of 1 nm and a Fourier spacing of 0.12 nm. Each production simulation was 100 ns in duration (unless otherwise stated). Analysis was conducted using inhouse code and MDAnalysis 42 . was employed to analyse the data, and post hoc comparisons of the means of individual groups were performed using Scheffe test.
RESULTS
Fourier transform infrared spectroscopy. FTIR spectra of DPPC MLVs in solutions of various concentrations of glycerol are shown in figure 1 . The characteristic absorption band peaks of samples at the CH2 symmetric stretch, carbonyl stretching, phosphate and the choline asymmetric stretch regions were distinct and showed differences between the liposomes dispersed in the different glycerol solutions.
The methylene (CH2) and the terminal methyl (CH3) stretching modes of the palmitoyl chains were used to investigate the structural changes within the lipophilic part of the bilayer 23 . When the palmitoyl chains are ordered (all-trans) they exhibit a frequency of ~2851 cm -1 , whereas disordered (melted; gauche) chains exhibits a higher frequency (~2853.5 cm -1 ) 43 . shift to a lower wavenumber reflects a stiffer bilayer 22, 23 . The addition of glycerol decreased the wavenumber of this band from 2956.3 cm -1 (0%) to 2955.2 cm -1 (10% w/w glycerol), then The effect of glycerol and its interactions at the interfacial and polar region of DPPC bilayers, was assessed by examining changes in the C=O stretching bands arising from the ester carbonyls (attributable to hydrogen-bonded carbonyl groups). At this region, a shift to higher wavenumbers implies little or no hydrogen bonding and a shift to lower wavenumbers suggests that there is an increase in hydrogen bonding 22 . The addition of glycerol into DPPC MLVs results in an increase in the wavenumber for the C=O stretching modes (table 1) with a shift in vibrational frequency from 1732.7 cm -1 (0%) to 1738.9 cm -1 (30% w/w glycerol), indicating a dehydration of the carbonyl groups.
Both the PO2 -and the N(CH3)3 + antisymmetric stretching bands of the DPPC headgroup can be used to indicate their level of hydration 44 . The phosphates that are hydrogen-bonded to water exhibits a maximum wavenumber of 1222 cm -1 in the fully hydrated state, and shifts towards higher wavenumbers (~1243 cm -1 ) when dry 45 . Accordingly, the wavenumber for the phosphate stretching bands fluctuated between 1222.5 cm -1 and 1224.5 cm -1 , in response to the addition of glycerol, implying that the phosphate groups remained close to full hydration. On the other hand, an increase in the frequency of the choline stretching band was observed (from 971.1 to 973.9 cm -1 , table 1). Regarding this region, a shift to a higher wavenumber of the N(CH3)3 + asymmetric stretching indicates increased hydrogen bonding at the choline group 46 and a change of the choline orientation such that it is bending towards the surface plane of the bilayer 47 , caused by the presence of glycerol. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 densities, which may be attributed to interactions associated with headgroup solvation shells 15 .
The phase transition at ~5 mN/m visible in the isotherms of DPPC on pure water, are absent from the isotherms obtained on glycerol solutions >10% w/w. For further insight, the surface compressional moduli were determined form the isotherms in order to determine the effect of increasing glycerol concentration on the elasticity of the lipid monolayers. This parameter was calculated from the tangent of the isotherms at 30 mN/m using equation (1). Table 2 shows that the overall trend of the calculated surface compressional moduli for the DPPC monolayers is one of incremental decrease as the glycerol concentration increases (10 -30% w/w compared to that from the glycerol-free control sample; p < 0.05), although the magnitude of these changes is comparatively small, as the K s values for all of the monolayers fall well within the range expected liquid condensed (LC) phases 25 . Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 for liposomes in the liquid crystalline phase (high temperatures) shows a decrease in intensity at longer wavelengths with respect to the spectrum observed in the gel phase (low temperatures).
These differing emission maxima intensities for Laurdan mixed with gel and liquid crystalline phase lipids (440 and 490 nm respectively) were used to calculate the Laurdan generalised polarisation (GP) using equation (2) .
The temperature dependence of Laurdan GP for DPPC MLVs dispersed in H20 (0%) and 30%
w/w glycerol solutions is shown in figure 3B . As anticipated, the GP decreased from about 0.5 at temperatures corresponding to the gel phase to -0.35 for the liquid crystalline phase. The main phase transition temperature of the glycerol-free system lies within the range previous determined for pure DPPC (41.5°C) 28 . In the presence of glycerol, the measurements showed a similarity in the GP for the temperature ranges from 25 to 35°C and from 45 to 65°C at all glycerol concentrations (see Supporting Information figure S1 ). However, an increase in the GP in the glycerol-containing liposomes over the range of the phase transition temperature, approximately at 35 to 45°C, was detected. It can be implied that the glycerol-containing membrane required slightly a higher temperature to induce chain melting, and then allow solvent molecules to penetrate the headgroup of the lipids and interact with the Laurdan. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 dependence of the effect of 30% w/w glycerol on the Laurdan GP in DPPC MLVs. thus indicating a slightly increasing transition temperature as the percentage of glycerol increases, and significant differences compared to the glycerol-free control sample were noted ( figure 3C ).
The Tm of the glycerol-containing liposomes at 10 -30% w/w were significantly different from the control, furthermore, the multiple comparison using the Scheffe test shows a significant step change in Tm between 5 and 10% w/w glycerol. The bilayer parameters obtained from the fitted scattering curves (table 3) show small, but significant differences between the vesicles dispersed in pure H2O and those in the 30% w/w glycerol solution. In both cases, the scale factors (volume fraction of the lipids in the samples) and background scattering values are similar, with the Chi-squared value indicating that the error of the fitting is low implying a valid fit. The sonication method employed to make the samples usually produces a mixed population of vesicle morphologies, including unilamellar (ULV), multilamellar (MLV) and oligolamellar vesicles (OLV) 51 , which may have influenced the values obtained for the bilayer parameters. Table 3 . Bilayer parameters obtained from fitting SANS curves for d62DPPC in both H2O (0%) and 30% w/w glycerol solution, with the paracrystalline lamellar stack model using DANSE SasView 35 . Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 acyl chains, the highest scattering contrast existed between the solvent and the chains implying that the layer thickness obtained from the fits represents the thickness hydrophobic region. Thus, the ~39 Å layer thickness value obtained in H2O (0%) is lower than the phosphate to phosphate thickness obtained by X-ray diffraction (44.2 Å) 52 , however it is of similar magnitude as the theoretical hydrophobic region thickness calculated for gel phase DPPC (~37.5 Å) 53 .
A small decrease in the hydrophobic layer thickness is observed in the vesicles dispersed in 30% w/w glycerol (35.7 Å), when compared to those in water (0%, 38.8 Å) however this decrease is not of the magnitude observed during a phase transition (gel to fluid) for DPPC (~6 -10 Å change in hydrophobic thickness) 52 . This, together with the small change in SLD modelled for the lipid layers in water and glycerol solution implies that the layer thickness change may be due to alterations in lipid packing or headgroup orientation, arising from interaction with the glycerol.
Molecular dynamics simulation (MD).

Investigation into Specific Glycerol-Water-DPPC Interactions
In the simulated systems, the glycerol is observed to be evenly distributed throughout the bulk of the solvent (as shown in the density plot in figure 4A and the snapshot of the simulated system in figure 4B ). The glycerol molecules do not appear to penetrate the membrane to the same extent as the water molecules do. Instead, visual inspection of snapshots from the simulation trajectories informs us that the glycerol preferentially interacts with the lipid head groups (as shown in the snapshot shown in figure 4C ). As a result, the interaction between the glycerol molecules and the lipid head groups are quantified in the remainder of this section. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 artefact of the simulation here, or possibly a smaller event within FTIR in comparison to the rest of the lipid molecule.
From the bilayer simulations, it can be noted that glycerol prioritises hydrogen bonding to the double-bonded carbonyl oxygen atoms of the DPPC molecule, and has a higher bonding propensity to the phosphate oxygen atoms (seen from the substantially larger number of hydrogen bonds within figure 5) . Interestingly, the number of hydrogen bonds (the sum of those made with the ester carbonyls and phosphate groups of the lipid) does not drastically change with the change in temperature (310 and 323 K). Thus, this may have a minimal role in the small change in lipid transition temperature noted previously. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 figure 6A ). These locations of glycerol suggest that there may be specific interactions between the ester carbonyl region and glycerol molecules, resulting in a higher localisation of glycerol in this region than below and above the ester groups. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 As well as calculating the location of glycerol within the DPPC bilayers and monolayers, we can also calculate the regions of the DPPC molecules with which glycerol will form interactions within the solvent phase of the simulation box. Overall, in all situations, glycerol interactions are predominately observed to occur from the solvent phase with the choline headgroup of the lipid, which is to be expected as it is the closest region to the solvent ( figure 6B -D) . Fewer interactions are noted for the ester region (analysed for the double bonded oxygen atom region) than that of the phosphate group (phosphate oxygen atoms), which is also to be expected as that region is further away from the solvent and thus the glycerol molecules.
Effect of Glycerol on the Structure of DPPC Monolayers & Bilayers
As the percentage of glycerol was increased within the water phase of the simulation box for both monolayer and bilayer systems, the calculated area per lipid of DPPC increased (from ~53 to 59 Å 2 for the bilayer, and 57 to 59 Å 2 for the monolayer, figure 7A ). The initial difference in area is due to the compression of the simulation box as the bilayer simulation is pressure coupled within the x and y dimensions independently of the z (semi-isotropically to 1 bar). This does not occur within the monolayer simulations due to an NVT ensemble being utilised, thus a different box size and area per lipid is present at the start. These increases are in agreement with the experimentally calculated area per lipids (from area expansion) from surface pressure area isotherms presented Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 earlier (figure 2), indicating that as the amount of glycerol within the solvent phase increases, the "larger" the lipid becomes.
Also calculated from simulation is the thickness of DPPC in both bilayer (phosphate to phosphate distance) and monolayer systems (from the phosphate headgroup to the terminal carbon within the lipid tails). Within figure 7B , the "length" of the DPPC lipid does decrease with the addition of glycerol. This trend of lipid thinning is in agreement with the SANS calculations reported in Table 3 and supporting the hypothesis that the more glycerol there is present in the solvent phase, the thinner the DPPC lipid becomes. The mechanism by which this thinning occurs shall be discussed later (in regards to simulations), however these results suggest that the hypothesis that intercalation of lipid tails is the cause of the thinning of the membranes is not observed or proved in these simulations. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 liquid crystalline temperatures of DPPC, the distribution of lipid angles decreases as the glycerol percentage increases which could be accountable for the small change in thickness noted earlier. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Figure 9 . Surface tension as a function of temperature and glycerol concentration. The data is from the DPPC monolayer simulations.
Finally, from the MD simulations, the surface tension of the lipid monolayer can also be calculated. This has been shown previously to decrease with the addition of alcohols to the water phase 55 and here a similar effect is being noted with glycerol addition. When glycerol is present in the monolayer systems, the surface tension measured in our simulations is observed to decrease as the concentration of glycerol increases at each temperature that has been studied ( figure 9 ). This modification of the surface tension as a result of the membranes interaction with glycerol could have an interesting effect in vivo within the lung lining and the transport of drugs through the pulmonary surfactant.
DISCUSSION
The putative stiffening effects of glycerol on gel phase lipid-based models of pulmonary interfaces have been attributed to preferential glycerol localisation at the interfacial region, observed using both X-ray and neutron reflectivity techniques 15 . An increased concentration of Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 headgroup-associated glycerol might be expected to lead to an increase in glycerol-mediated hydrogen bonding in the interfacial region, effectively making lipid bilayers more viscous and thus mechanically stiffer. This theoretical construct appears to be at odds with the evidence from studies which demonstrate that association of glycerol with DPPC increases the size of the lipid headgroup and causes expansion of lipid lamellae due to an increase in steric repulsion 21 , which suggests a disordering effect on lipid chain packing. We sought to resolve this apparent contradiction by a detailed examination of the molecular interactions between DPPC and glycerol, through a combination of physicochemical measurements on gel phase lipids and in silico simulations which additionally examined the effects of increased temperature and the presence of salts.
The molecular interactions between glycerol and DPPC were elucidated by comparing the FTIR results with data obtained using MD simulations. Investigations were focussed on four FTIR spectral regions which represent both the hydrophilic and hydrophobic parts of the phospholipid molecules. With respect to the DPPC headgroup, the carbonyl, phosphate, and choline moieties were investigated for alteration in hydration. The carbonyl stretching band between 1800 and 1600 cm -1 represents the ester carbonyl groups present at the interfacial region. In fully hydrated bilayers, generally, this band can be divided into two ranges; a high wavenumber (~1742 cm -1 ) and a low wavenumber (~1728 cm -1 ) corresponding to the non-hydrogen bonded and hydrogen bonded C=O groups, respectively 45 . In the presence of glycerol, the relative intensity of the nonhydrogen bonded C=O band increased from 1732.7 to 1738.9 cm -1 compared to that of the DPPC liposomes in ultrapure water, indicating that dehydration at the interfacial region was enhanced by glycerol, thus the presence of glycerol reduced hydrogen bond formation between solvent and the carbonyl oxygen of DPPC. This effective dehydration of the interfacial carbonyl groups was also observed in the MD simulations for DPPC monolayers and bilayers. The simulations also suggested that the vast majority of the glycerol in the system is associated with the lipid headgroup, with little located in the lipid acyl chain region.
Although the formation of hydrogen bonds with the phosphate group was detected by FTIR in the presence of glycerol, the spectra remained similar to those obtained from glycerol-free DPPC dispersions. Therefore, it was not possible to differentiate water from glycerol hydrogen bonding with the phosphate of DPPC. With respect to solvent interactions with the headgroup phosphate, the data from the MD simulations was more enlightening, suggesting that water molecules preferentially locate in the region of the headgroup. This may explain why, even at high glycerol concentrations, some water remains detectably associated with the DPPC headgroup 15 . Overall, the simulations showed that glycerol interacts primarily with the choline moiety of the DPPC headgroup, and that glycerol molecules are able to form associations between neighbouring choline groups, thus effectively cross-linking the lipid headgroups. This preferential localisation of glycerol around the quaternary ammonium was also evident from the FTIR data which shows that the N(CH3)3 + asymmetric stretching shifts towards higher wavenumbers than ~970 cm -1 in the hydrogen bonded region 46 and indicated a bending of the choline moiety towards the plane of the membrane surface 47 , the significance of which is discussed below.
Aside from the hydrophilic regions of the DPPC molecule, FTIR was also used to examine the vibrational frequencies of the methylene and the terminal methyl stretching bands, parameters which are commonly used to detect the conformational changes in and mobility of the hydrocarbon chain 22, 45 . Although there was no difference in the methylene stretching region when glycerol was present in the liposomal system, the observed shift in the wavenumber of terminal methyl stretching mode indicated a restriction of the terminal methyl movement. It can therefore be implied that glycerol did not penetrate into the hydrophobic core of the DPPC bilayers, but the Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 influence that it has on the polar region may affect the ordering of the hydrophobic chains. The strong hydrophilicity of glycerol and its consequent tendency to remain associated with the DPPC headgroup may explain why it does not have a disordering effect on the lipid, unlike molecules such as propylene glycol which can readily penetrate into hydrophobic core of PC bilayers and cause destabilisation at concentrations as low as 10% v/v in aqueous solution 56 .
The ways in which the various interactions between glycerol and the DPPC headgroup affect the physical properties of the lipid lamellae in both monolayers and bilayers, were also investigated using experimental and in silico simulation methods. The preferential association of glycerol with different PC headgroup moieties increased the volume of the solvation shell and led to the increase in DPPC monolayer area per molecule observed in previous studies [57] [58] [59] and in our Langmuir isotherm data and simulations. In DPPC bilayers, this increase in area per molecule can lead to a lateral expansion of the lipid lamellae which is compensated for by the formation of an interdigitated phase, previously reported for DPPC bilayers formed in perdeuterated glycerol 60 .
However, neither the DPPC vesicle SANS data, nor the bilayer simulations carried out for this study showed any evidence of this occurring in 30% glycerol solutions. What was observed in both SANS fitting and MD simulations was a small but significant ~3 Å decrease in bilayer thickness in 30% glycerol compared to pure water. The most likely explanation for this membrane thinning, is that the presence of glycerol causes the choline headgroup to orientate parallel to the plane of the bilayer, whereas in the gel phase it would adopt a more perpendicular orientation 21 .
Evidence for this comes from the FTIR measurements which show an increase in the intensity of the choline band, implying that glycerol induced hydrogen bonding bends this group from perpendicular to a parallel arrangement with respect to the membrane plane. Additionally, as glycerol was introduced into our simulation systems, the headgroups of the lipids assumed an orientation which was more parallel to membrane surface. This may mean that some areas of LE phase exist in the gel phase bilayers 21 , which would explain why a glycerol concentration dependent decrease in the surface compressional modulus of DPPC monolayers was observed at 30 mN/m.
Alterations in lipid bilayer packing, such as those caused by the glycerol-induced headgroup alterations observed for DPPC, can affect the thermotropic phase behaviour of the phospholipids, which we investigated using fluorimetry. In this study, the changes in Laurdan GP 26 , over the temperature range of 35°C to 45°C, provided evidence for a glycerol-induced modification of membrane phase behaviour, indicating a modest but significant increase in the DPPC MLV Tm from ~41.2°C in water, to 42.8°C in 30.0% w/w glycerol. Although it has previously been demonstrated that preferential solvation of DPPC by sugars causes headgroup dehydration and a subsequent increase in Tm 61 , similar to that we have observed, the glycerol-induced increase in Tm has not previously been found to be significant 60 . Nevertheless, it remains intriguing that the observed monolayer expansion caused by headgroup solvation by glycerol did not result in significant disordering of the lipid bilayers and thus a reduction in Tm. As the SANS results suggest, the headgroup expansion does not lead to a compensation in chain packing such as interdigitation, and therefore to extend this study, some higher resolution techniques such as X-ray or neutron reflectometry and IRRAS on planar models, could provide useful complementary data on the effects of headgroup/glycerol interaction on chain packing as the lipids undergo their melting transition.
The impact of these glycerol induced bilayer changes on solute permeability can be expected to depend on epithelial transport mechanism which is determined by the molecular properties of an inhaled drug. The hypothesis that membrane stiffening demonstrated herein contributes to the Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 reduced transport of beclomethasone dipropionate delivered to lung epithelial cells in glycerolcontaining particles in previous studies [5] [6] [7] provides a starting point for further investigation.
CONCLUSION
Collectively, our data shows that glycerol localises preferentially around the carbonyls and quaternary ammonium of the DPPC headgroup and has the potential to form cross-links between headgroups. The subsequent expansion of the lipid molecular area and changing the orientation of choline in the gel phase cause an alteration in bilayer structure. These changes constrain the acyl chains and alter lipid order (but do not greatly affect Tm), which may in turn result in the stiffening of the membrane 15 . The combination of the localised glycerol adlayer and consequent bilayer packing alteration has the potential to affect the partitioning and uptake kinetics of steroidal drugs such as BDP. The experimental and simulated monolayer and bilayer model systems we have characterised will provide a useful platform for examining the effect of glycerol-induced membrane structure alterations on inhaled drug permeability.
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